The hydrogenation of 24 coals (LV bituminous to lignite) in the presence of Mo was studied. The hydrogenation temperatures were 300, 350 and 400°C, the hydrogen pressures 5 and 10 MPa, and the reaction time 30 min. At 300°C the Mo salts deposited on the coals do not decompose to the active MoS2 state, so the hydrogenation process is not significantly different from that in the absence of a catalyst and is influenced by the ease of diffusion, with a consequent increase in conversion with increasing macropore volume. At 350 and 400°C, MoS 2 acts as a good catalyst and conversion is much greater than in the absence of a catalyst. Under these conditions, opening of pores in the coals has been detected as conversion increases; micropores develop to macropores in such a manner that the MoS 2 particles can penetrate progressively into pores originally inaccessible, so an increase in the micropore volume or surface area favours conversion. This pore-opening is accompanied by an increase in cross-link density. At 5 MPa of H2, and increasing with temperature, some of the radicals formed are incorporated into the macromolecular structure by repolymerization reactions which result in blockage of the microporosity.
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During coal hydrogenation, two competitive reactions occur simultaneously and their equilibrium can be displaced in either direction 1. One is a depolymerization reaction resulting from the release of the 'molecular component' and stabilization of radicals by capture of hydrogen from the environment or by internal redistribution in the coal itself. The other reaction consists of repolymerization resulting from the stabilization of the radicals among themselves, and produces insoluble high-molecular-weight compounds, decreasing the product yield. Formation of these compounds could decrease at high hydrogen concentrations or as diffusion increases.
The product yield therefore depends on the equilibrium between these reactions and can be modified by using solvents or appropriate catalysts. Mo has been shown to 93 be an effective catalyst for coal hydrogenation ' .
Traditionally 4, the product yield has been related to the chemical characteristics of the coal, and attempts have been made to find correlations with properties such as carbon, oxygen or moisture content, volatile matter or atomic ratios. Other studies have focused on the influence of maceral characteristics such as vitrinite reflectance 5'6. All attempts to find a 'universal' relation between the coal characteristics and yield are confronted by the same obstacle: the heterogeneity of the coal itself. Reaction yield depends not only on the chemical characteristics of coal but also on other factors such as the accessibility of the active centres to H2 the degree of diffusion of reaction products across the coal structure and catalyst dispersion, all of which clearly depend on the porous structure of the coal.
The aim of this study was to study the Mo-catalysed hydrogenation process from the point of view of the porous texture of the coal, to determine the influence of this factor on conversion and product distribution and changes in this texture during hydrogenation. EXPERIMENTAL Twenty-four coals from different mining areas of Spain, the USA, the UK and Germany were selected. Chemical and textural characteristics of most of these coals were reported in a previous paper 7. The apparent surface areas of these coals were determined from the adsorption isotherms ofN 2 at 77 K (SN:) and CO 2 at 273 K (Sco2), by applying the BET and the Dubinin-Radushkevich equations respectively. The area occupied by an N 2 molecule at 77 K was taken as 0.162 nm 2 and that by a CO2 molecule at 273 K, 0.183 nm 2. Distributions of pores of diameter >3.7nm were determined by mercury porosimetry. By this technique the mercury densities (Prig) of the coal samples at different mercury pressures were obtained. The 'true' density of the coals was also measured with helium at room temperature (Prle). Volumetric swelling was determined in pyridine, using the method proposed by Liotta et al. 8 . Table 1 shows some of these characteristics for the 24 coals.
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Since the coals selected were high in mineral matter 7, according to oxygen plasma low-temperature ashing (LTA), the textural parameters obtained for each coal sample had to be corrected to determine the values corresponding to the organic matter. The Sc02 values were corrected to the dry, mineral-matter-free basis by considering that the mineral matter present had an average surface area of 15 m 2 g-l, which was the average value determined with both N2 and CO2 for mineral matter isolated from some coals by low-temperature ashing. Pore size distributions were corrected on the assumption that the porosity of the mineral matter was negligible compared with that of the organic fraction of the coal sample. To express the density values on a dry, mineralmatter-free basis, a density of 2.7 g cm -3 was assumed for mineral matter 9. Owing to the small particle size used (<0.25 mm), from mercury porosimetry it is not possible to distinguish between the volume corresponding to macropores of diameter >200 nm and that corresponding to interparticle voidage; the range of porosity covered by mercury porosimetry was therefore reduced to pores with diameter 3.7-200 nm.
Mo was dispersed over the coals by bubbling H2S through an aqueous solution of ammonium heptamolybdate [(NHa)6MoTO24.4H20] for 30min to transform the Mo into the corresponding oxothiosalt, and then 1.62 suspending the coal in this solution with vigorous 1.46 magnetic stirring for 30min. The suspension was 1.83 vacuum-dried at 0°C. The Mo dispersed was H1 wt% of 2.00 the coal (daf) 2.
1.53
Hydrogenation was carried out in 65cm 3 tubing
1.42
1.83 bombs, loaded with ,-~5g of Mo-coal sample (daf), 2.00 pressurized with hydrogen at 5 or 10 MPa and placed in a 2.28 fluidized sand bath preheated to the working temperature.
2.21
The reaction time was 30 min. The solid reaction products 1.94 2.30 were Soxhlet-extracted with THF. The THF-soluble 2.40 extracts were fractionated, by refluxing in n-hexane for 1.79 12h, into asphaltenes (n-hexane-insoluble) and oils (n-2.35 hexane-soluble). The dried solid residues, oils and 2.36 asphaltenes were weighed and yields were calculated by 2.14 2.16 a procedure described elsewhere 2. All residues were 1.50 texturally characterized by the above methods. 
RESULTS AND DISCUSSION
In a previous paper 7, the influence of the textural characteristics of the original coal on the development of the hydrogenation process without added catalyst was related to macropore (feeder pores) and micropore volume, i.e. to the coal surface area exposed to the reagents (H2) and the ease of diffusion of product to the exterior of the coal particle or reagent to the interior. At the same pressure and temperature, conversion is generally higher in Mo-catalysed hydrogenation than in hydrogenation without catalyst 7. Only under the mildest conditions, 300°C, did the presence of Mo not cause a significant increase in conversion, although optical microscopy revealed a lower vitrinite reflectance in the residues from the catalysed process. Likewise, the aromaticity determined by ]3C n.m.r, was lower for the residues obtained in the catalysed process. These facts both indicate a greater degree of hydrogenation in the catalysed process. When the temperature is increased from 300 to 350°C, conversion increases greatly for the low-rank coals (lignite and subbituminous). For bituminous coals however, significant increases are not observed until 400°C; their higher critical temperature is due to the greater structural compactness of these coals.
When conversion obtained at 300°C in the presence of
Mo is related to coal macropore volume (Figure 1 ), both parameters tend to increase in the same way. In contrast, conversion under these conditions shows no relation to coal surface area. Whereas for bituminous coals, at 350 and 400°C, conversion increases with increasing coal surface area (Figure 2) , for low-rank coals, owing to their high reactivity this behaviour is not observed, since under these conditions all show very high conversion >85 wt% at 400°C. Figure 3 shows the relation between coal surface area and product distribution (oil and asphaltene percentages) at 10MPa under severe experimental conditions. For low-rank coals, especially at 350°C, oil formation decreases as coal surface area increases, whereas asphaltene production is independent of this parameter. It is worth noting that at 350°C the predominant products are asphaltenes, whereas at 400°C the asphaltene percentage severely decreases as a result of hydrocracking of larger molecules. For bituminous coals, both the oil and asphaltene percentages increase with coal surface area. The significant increase in conversion observed at 400°C leads to an increase in the asphaltene percentage, i.e. at this temperature the hydrocracking of asphaltenes to oils observed for low-rank coals is not detected. The similarity of the Mo-catalysed and un-catalysed conversions at 300°C is due to the fact that at this temperature the Mo is not in its most active state, since the oxothiosalt deposited on the coals has not yet been converted to molybdenum sulfide, the most active catalyst form. According to XPS analysis, Mo was present as sulfide only in residues produced by hydrogenation under the severest conditions; the S/Mo ratio of 1.93, showing Under the mildest conditions (300°C) therefore, the catalyst is not active and hydrogenation does not differ significantly in the presence or absence of this catalyst 7, mainly producing degasification and loss of the 'mobile' coal component; the conversion is low and the molecules released are small and gaseous. In this case, reaction development is controlled by diffusion and conversion increases with increasing macropore volume (Figure 1), i.e. as accessibility of the interior of the coal structure increases. The release of these small molecules does not provoke drastic transformations in the porous texture of the coals.
At 350 and 400°C, the catalyst is present in its active state, and catalytic rather than diffusion processes control reaction development. Catalyst dispersion therefore has a strong influence on catalyst activity. Usually the dispersion of metallic catalysts is affected by macropore and mesopore volume 11' 12. In the present case however, microporosity can also play an important role. This is because the transformation of the catalyst into its most active form takes place at high temperatures and during the hydrogenation process. Under these conditions, coals undergo thermal dilation and an increase in plasticity, and the release of reaction products (semiliquid at these temperatures) causes an increase in pore aperture size. Both processes may facilitate the dispersion of MoS2 on the coal surface; the catalyst may therefore penetrate to the interior of pores that were originally inaccessible (micropores). An increase in surface area (micropore volume) thus favours catalytic dispersion and in turn catalytic activity. Because of the high mineral matter content of most of these coals, Mo dispersion has not been quantified.
These results are in clear agreement with those from a related study of the kinetics of the Mo-catalysed hydrogenation process 13, which showed that the reaction rate at 300°C depended fundamentally on macropore volume and at 350°C on coal surface area. With low-rank coals at 400°C, the reaction was too fast for any relationship to be discerned between conversion and coal characteristics, at reaction times >5 min. Table 2 shows the ratios of the oil and asphaltene percentages obtained in Mo-catalysed hydrogenation and in the absence of a catalyst, for eight of the coals. In the absence of Mo, the oil/asphaltene ratio is < 1. In general, the O/A ratio increases for low-rank coals when the catalyst is present, especially at the higher temperature, and under the severest conditions is always > 1. For the bituminous coals however, values < 1 are obtained under all the experimental conditions, and occasionally are lower in the presence of the catalyst; this is due to the marked increase in conversion at 400°C which leads to an increase in the percentage of asphaltenes, since these are not converted to oils by hydrocracking.
This fact reveals, as previously discussed, that Mo favours hydrocracking of asphaltenes to oil molecules, and that these reactions occur to a greater extent at these temperatures for low-rank coals. This is mainly due to their less compact structure and to the fact that in addition to supplying atomic hydrogen to the radicals formed, the Mo also selectively breaks the sulfur bonds 1°'14'15. These processes are therefore more effective in low-rank coals, in which the concentrations of organic sulfur and, in general, of hetero-atoms are higher. Thus, coal MS9 with a very high Sorg content (7.5wt%) also gives higher values of the O/A ratio than do the other lowrank coals. As a result, the bonds of this hetero-atom are weaker and breakage by thermolysis occurs at a large number of bonds, producing smaller molecules. Under the experimental conditions, the sulfur released from the coal structure is transformed to HzS which favours the retention of the Mo as sulfide, since it is not oxidized by the oxygen from the coal, and acts as a catalyst for the hydrogenation process 16.
To study the transformation of the porous texture of the coals during hydrogenation, the textural parameters of the residues as well as their swelling in pyridine were determined. When a coal is in contact with a solvent, it swells to a greater or lesser extent depending on the polarity of the solvent. This swelling arises from replacement of C-C bonds by C-solvent bonds 17 and from the reorientation of certain components of the coal structure within the limits permitted by its rigidity. The degree of swelling decreases as the density of covalent cross-links in 2 the coal structure increases . The swelling is also related to the carbon content and porosity of the coal 18. Hence, determination of the degree of swelling of the parent coals and their hydrogenation residues is a suitable means of studying both the porous and the chemical transformations during hydrogenation. In this work, volumetric measurements of swelling (Qv) were expressed on the dmmf basis by the equation proposed by Green et al. 19,  given the high mineral matter in the residues from the lowrank coals hydrogenated under severe conditions. The values of Qv of the residues were found to be lower than those of the corresponding parent coals (Figure 4 ), and the difference was more pronounced under severer conditions, i.e. at higher conversion. This indicates an increase in cross-link density and rigidity of the molecular structure of the residues with increasing conversion. At the same time, the hydrogenation process causes an increase in pore aperture size of the residues. Comparison of Qv with macropore volume and Sco2/SN2 ratio for the series of residues obtained from each coal (Figure 5 shows, as an example, the results for coal MS11) indicates that swelling decreases as residue pore aperture increases.
Also, Qv and Sco2/SN2 considerably decreased and V 3 increased when the temperature was increased from 300 to 400°C ,as a result of the strong increase in conversion, which leads to marked opening of the porosity.
For residues obtained at 300°C only a small increase in macro-and microporosity is observed, relative to the corresponding parent coals. However, at 350 and 400°C the hydrogenation destroys the walls of the micropores, transforming them mainly to macropores. Thus Sco2 decreases and SN2 increases. This pore-opening is greater in low-rank coals than in bituminous coals at the same temperature, because the former originally have a more open porosity and a more reactive molecular structure, so the catalyst can penetrate more easily into the original porous texture. Thus several of the residues obtained from low-rank coals at 400°C show similar values of Sco2 and SN2, which indicates that their porosity is so open that both molecules can gain access to the same fraction of surface area.
Regarding the hydrogen pressure, it is worth pointing out that at 5 MPa, conversions are generally lower than at 10 MPa. On the other hand, oil and gas formation are favoured at 10 MPa: oil percentages obtained at 10 MPa are 5% greater at 350°C and 10% greater at 400°C than those obtained at 5 MPa. This is due to the fact that Mo favours the secondary (hydrocracking) reactions. As these increase, the concentration of radicals available for Qv (Parent coals) Figure 4 Variation of swelling ratio of residue with swelling ratio of parent coal stabilization with the H 2 increases, with the resulting increase in oil production and, depending on the availability of H2 stabilization of these radicals by repolymerization and condensation, producing highmolecular-weight compounds insoluble in the extraction process. Hence at 5 MPa the repolymerization process should occur to a greater extent. The influence of hydrogen pressure on reaction development is also revealed by the textural characteristics of the residues. Thus although the mean micropore width determined from the adsorption isotherms of CO220'21 is greater in the residues than in the parent coal (Table 3) at each temperature, this parameter is lower for residues obtained at 5MPa than for those obtained at 10MPa. Given that at 5 MPa, hydrogenation conversions are lower since some of the radicals formed are reincorporated in the molecular structure of the coal, this produces some blockage of the porosity. At 10 MPa however, the radicals 'o 171 1.'2 1.'a 1.'4 1.'s 1.'6 1.'7 1.'a 1.'9 2 .o Qv Figure 5 Variation of (A) SC02/SN2 and (B) macropore volume with swelling ratio for hydrogenation residues from coal MS11 stabilize with the H 2 generating compounds that are released during hydrogenation and whose exit provokes an increase in pore aperture.
CONCLUSIONS
At 300°C, Mo salt deposited on the coal does not decompose to the active MoS2 state. Conversion is still low, producing principally gases (CO2, HS2 and light hydrocarbons) and loss of the 'mobile component' of the coal. Under these conditions, conversion and product yields are related to the macropore volume of the coal because the reaction appears to be controlled by diffusion processes. At higher temperatures, MoS2 proves to be a good catalyst for hydrogenation and hydrocracking reactions. Conversions significantly increase at 350°C for low-rank coals and at 400°C for bituminous coals. Under these conditions, pore-opening occurs in the coal as a result of thermal dilation and release of reaction products. The micropores principally develop to macropores, and at the same time the MoS2 particles originally present on the external surface of the coals can progressively gain access to pores originally inaccessible. Hence an increase in the micropore volume (Sco2) favours catalytic activity and consequently the conversion obtained. This is clearly observed for bituminous coals.
The pore opening is accompanied by an increase in cross-link density. The swelling of the residue decreases as the opening becomes greater. Pore-opening and cross-link density increase with the development of the hydrogenation reactions.
At 10 MPa of H2, oil formation is favoured, whereas at 5 MPa some of the radicals formed by thermal decomposition and hydrocracking can be reincorporated into the macromolecular structure by repolymerization reactions which produce blockage in the smallest pores.
